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Abstract 
This dissertation was written as part of the MSc in Strategic Product Design at 
the International Hellenic University. The main goal was to create something that can 
contribute to the preservation of cultural heritage. A support structure for an ancient 
amphora-type vase was created. Missing parts of the vase made impossible for it to be 
stable at its natural position. Reverse engineering technology was used to extract in-
formation of the vase’s geometry and design a creative and effective support struc-
ture. The proposed solution is a base that has the shape of the external surface missing 
geometry of the vase. Research conducted on existing bases for archeological artifacts 
and contribution of reverse engineering in archeology field served as source of inspira-
tion and led to the caption of the proposed design idea. After the design process, a 
prototype was printed using Fused Deposition Modeling (FDM). The material used was 
Polylactic Acid (PLA). Mechanical test conducted before printing to acquire mechanical 
properties of PLA and perform static analysis simulations. All the steps followed are 
described in the next chapters.  
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1. INTRODUCTION 
Reverse engineering technologies emerged in the field of archeology since 
many decades ago. Evolutionary techniques for the digitization of archeological objects 
and monuments contribute in many ways to the preservation of cultural heritage. 
Their applications are various. Reverse engineering has been applied for restoration of 
monuments, replicas creation for documentation and safer analysis of ancient arti-
facts, virtual documentation and virtual museums. In this project, reverse engineering 
applied for the creation of a support structure for an ancient vase. The vase under re-
search is an amphora-type vase made of clay. Its fragments found, have been glued 
together and some missing parts have been reconstructed. But almost half of its ge-
ometry is still missing. Τhis implies the problem of not being able to stand properly. In 
the archeology service department, it was kept in a basin full of sand. This is not an ef-
fective standing solution because contact with the sand can damage its surface. Also, 
in terms of aesthetics, this is not a proper way to store it in a museum as an exhibit.  
Stands are very important for the exhibits in a museum. Safety and proper dis-
play solution have to be taken into consideration. Amphoras and smaller artifact due 
to their shape are placed in stands for more effective display. Vases with straight bot-
tom can effectively be displayed without the use of support structures. In this project, 
reconstruction technique was used for the creation of a customized base. It was a chal-
lenging procedure as it should not ruin the aesthetics of the ancient artifact and be ef-
fective at the same time. 
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2. REVERSE ENGINEERING 
In this chapter, information about reverse engineering and examples of their 
contribution in cultural heritage will be presented.  
2.1 Reverse engineering 
Engineering is all the necessary processes for the creation of a product. These 
processes include all the steps from the capture of initial idea, to designing, manufac-
turing, assembling, use and maintenance of the product. Forward and reverse engi-
neering are the two kinds of engineering (Raja, V. and Fernandes, K, 2008). The tradi-
tional approach, forward engineering, moves from high level abstractions and designs 
to physical system implementation. By contrast, reverse engineering begins with a final 
product and going backwards by analyzing its design and the interrelation of its enti-
ties. The process of acquiring a CAD model by capturing the entities of an existing ob-
ject is called reverse engineering. This is feasible by using 3D scanners. Its purpose is 
the recreation of a product or the creation of a product with respect to another prod-
uct. Reverse engineering is defined by the specific task is being implemented for. Abel-
la et al. (1994) described reverse engineering as ‘the basic concept of producing a part 
based on an original or physical model without the use of engineering drawing’. Yau et 
al (1993) described reverse engineering as ‘the process of retrieving new geometry 
from a manufactured part by digitizing and modifying an existing CAD model. For this 
project, the most suitable definition of reverse engineering is the extraction of all nec-
essary information from a physical object by scanning it to lead to the creation of an-
other product.    
2.2 Generic reverse engineering processes 
Reverse engineering is a process of three stages which are scanning, point pro-
cessing and application-model development (Raja and Fernandes, 2008). The following 
have to be taken seriously into consideration for a reverse engineering application to 
be successful (Raja, V. and Fernandes, K, 2008). 
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· Reason reverse engineering should be used 
· How many parts have to be scanned 
· Part size 
· Complexity of part’s geometry 
· Part material-hard or soft 
· Part finish-shiny or dull 
· Part geometry-organic or prismatic and internal or external 
· Required accuracy-linear or volumetric 
2.2.1 scanning 
Scanning phase involves definition of scanning strategy to be employed, object 
preparation to be scanned and scanning. Three dimensional scanners are employed to 
capture part’s geometry. The collected information is converted into digital data called 
scan data. Scan data is a set of points. Each point represents a location on the real ob-
ject and contains the X, Y, Z coordinates. The more the points of the scan data, the 
higher the resolution of the scanned model will be. Scan data also called point-cloud. 
Point cloud can create a mesh by the triangulation process. This is done by connecting 
adjusting points from scan data with triangles, which is the simplest unit of a face. 
Mesh has the following advantages over point cloud. 
· Can distinguish front and back faces 
· Can measure the curvature of a surface 
· Can apply environment mapping 
· Can measure volume 
· Can accurately calculate alignment of scan data 
· Can be used for visualization and documentation 
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· Can be used for animation 
3D scanners are divided in two categories, contact scanners and non-contact 
scanners. 
Contact scanners 
Contact scanners are very precise measurement machines based on CMM 
technologies. Their precision has a tolerance range of +0.01 to 0.02mm. They use 
probes that come in touch with the object’s surface and by applying contact pressure 
the location of points is generated. Because each point is generated sequentially at the 
tip of the probe, contact methods can be very slow. Applied contact pressure during 
scanning limits the use of contact scanners because soft material as rubber cannot ac-
curately be scanned. There are two types of data collection techniques in contact 
method, point to point sensing with touch trigger probe and analogue sensing with 
scanning probes. 
Point to point with touch trigger probe 
· Articulated arm  
A manually operated articulated mechanical arm with a touch trigger probe al-
lows multiple degrees of freedom of movement to collect the measurement point. 
· Computer Measurement Machine 
These machines employ a touch trigger probe that can be programmed to fol-
low a specific path along a surface to collect data and their results are more accurate 
than the articulated arm’s. Their drawback compared to the articulated arm is the lim-
ited number of degrees of freedom and these machines are not suitable for scanning 
complex geometries. 
Analogue sensing with scanning probes 
A scanning probe is used that provides a continuous deflection output, com-
bined with the machine position to derive the location of a surface. The probe collects 
data as it touches and moves along a surface. It is necessary to keep the deflection of 
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the probe stylus within the measurement range of the probe. Scanning speed is up to 
three times faster than the point-to-point sensing. 
Non-Contact scanners 
There is a variety of non-contact scanning technologies. 
structured light – line triangulations 
The work principle of these scanners is triangulation. They project light in pat-
terns on the surface of the object that become distorted. Cameras capture the distor-
tion from multiple angles. The distance to different points of the object is calculated by 
triangulation and the three-dimensional coordinates are used to reconstruct the ob-
ject. Data acquisition speed is up to millions of points per second and color and texture 
information is provided (Kyratsis, 2016). 
 
Figure 1: line triangulations method (available at: 
http://georgepavlides.info/research/LaserScanningAndTriangulation.php) 
Computerized tomography-CT 
It provides a large series of 2-D X-ray cross-sectional images taken around a 
single rotational axis. 
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Magnetic resonance imaging -MRI 
A state-of-the-art imaging technology that uses magnetic fields and radio 
waves to create high-quality, cross-sectional images of the body without using radia-
tion. 
Typical tolerance of non-contact scanners is within ±0.025 to 0.2 mm. Some 
noncontact systems have problems generating data describing surfaces, which are 
parallel to the axis of the laser 
2.2.2 point processing 
Point processing involves point cloud import, noise and points reduction in the 
collected data. Usually, multiple scans are necessary to capture effectively all the fea-
tures of an object. This phase also allows the merge of multiple scan data. As already 
has been mentioned, points of scan data are connected with triangles to form mesh.  
This phase also involves mesh optimization. Mesh optimization operations are noise 
reduction and cleaning, abnormal faces cleaning, polygon mesh refinement and poly-
gon mesh decimation, filing holes, defeaturing, edge detection and sharpening control, 
polygon editing and remeshing.  
2.2.3 geometric model development 
Specialized softwares are used for reverse engineering applications. They have 
the ability of processing the large amount of points derived from scanning and creating 
CAD models by connecting neighboring points with triangles as earlier haw been men-
tioned. An engineer’s decision to employ reverse engineering technologies should be 
based on specific needs. The output of model development are geometric CAD models 
in the various available formats such as IGES, VDA, STL, DXF, OBJ VRML etc. 
2.3 Reverse engineering applications 
The most common reasons for using reverse engineering are the following (Kyratsis, 
2016): 
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· Customers may need a product that is not produced anymore and its original 
manufacturer does not exist. Reverse engineering is used for the reproduction 
of such products. 
· CAD models of a product does not exist or have been lost. New CAD models are 
created for documentation or used for the renovation of a product. 
· Inspection and quality control. Final product is scanned, and the CAD model is 
created. This is compared to the initial CAD file used for the manufacturing of 
the product and possible deviations are inspected. 
· Products are redesigned focusing on their bad features which are eliminated. 
This results in the improved performance of re-designed products. 
·  In medical applications, reverse engineering is used to make customized vital 
parts as for example, teeth. 
· In automotive industry, designers often use clay, plaster, foam rubber to create 
their ideas. A CAD model, which is necessary for manufacturing, is created us-
ing reverse engineering. Products with organic shapes sometimes are difficult 
to be designed in CAD software. A physical sculpted object provides the exact 
information for the CAD model. 
· In entertainment industry, humans or sculptures are scanned for the creation 
of CAD models used in animation movies or video games. Artworks are also 
created from CAD models of humans and sculptures. 
· Measurement and documentation. 
· Customized footwear and clothing by capturing the anthropometrics of individ-
uals. 
· Rapid prototyping applications 
· Reverse engineering has been applied in cultural heritage application for resto-
ration of historic buildings, documentation of ancient artifacts and virtual mu-
seums creation, replicas creation of ancient artifacts etc. 
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2.4 Rapid prototyping - Additive manufacturing 
One of the most common applications of reverse engineering is rapid prototyp-
ing. Rapid prototyping refers to fast automated fabrication of CAD models. A wide va-
riety of industries use rapid prototyping to convert ideas into functional prototypes 
(Bak, 2003) Rapid prototyping processes are characterized from five criteria (Burns, 
1993): 
· Raw materials have shapeless form as sheets or fluid and produce solid objects 
with definite shape 
· Process is automated without human interaction 
· Process has the ability to produce objects with geometrical complexity 
· Process must not involve the manufacture of new tools for each different 
shape to be generated 
· Each item produced must be a single object 
The fifth criterion is not fulfilled in this project because of practical reasons that 
are explained in chapter 5.5. 
Rapid prototyping processes can be either subtractive or additive. Additive pro-
cesses are most commonly used. Additive manufacturing involves production tech-
niques that builds a physical object by adding material layer-by-layer. The best known 
additive manufacturing techniques are stereolithography (SLA), fused deposition mod-
eling (FDM), selective laser sintering (SLS), direct metal laser sintering (DMLS), lami-
nated object manufacturing, 3d printing, inkjet printing, jetted photopolymer. The 
benefits of rapid prototyping include (Kyratsis, 2016): 
· Fabrication of complex geometries 
· inexpensive method of prototyping design ideas 
· time saving during product development 
· physical evaluation of parts, improved quality control 
· early discovery of errors in product development 
In this project fused deposition modeling was used for the creation of the CAD 
model. In fused deposition modeling the building material is plastic or wax filament 
which is extruded threw a nozzle that traces the part's cross-sectional geometry layer 
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by layer. Nozzles contain resistive heaters that heat the filament just above its melting 
point so that it flows easily and form the layer. The plastic hardens immediately after 
flowing from the nozzle and bonds to the layer below. Once a layer is built, the plat-
form lowers, and the extrusion nozzle deposits another layer. The layer thickness and 
vertical dimensional accuracy is determined by the extruder die diameter, which rang-
es from 0.013 to 0.005 inches (Tzetzis, 2016). 
 
Figure 2: fused deposition modeling (available at: http://www.custompartnet.com/wu/fused-
deposition-modeling) 
2.5 Reverse engineering in cultural heritage 
Reverse engineering technologies have been applied in archeology in the past 
decades in a wide range of applications, such as restoration, replicas creation, docu-
mentation, virtual museums creation, contributing to cultural heritage preservation. 
Digitization in archeology allows archeologists to stand in a virtual recreation of an ex-
cavation while writing their interpretations, to emailing, and then 3Dprinting copies of 
artifacts. Digital replicas enable remote analysis, produce technical drawings and doc-
umentation. Also, 3D models allow alternative way of interaction with public and make 
the field of archeology more accessible to a broader audience.  Virtual walk-throughs 
of an archeological site can be done from anywhere, and museums can let visitors to 
touch the displaying artifact since they are replicas (Jared Katz et al, 2017).     
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Digital recording of cultural heritage is a multidimensional process. It depends 
on the nature of the subject to be tested and the purpose of its digitization. George 
Pavlidis et al, in 2006 published a brief presentation of methods for 3D digitization of 
cultural heritage. Some techniques for digitizing object are: laser scanning, shape from 
structured light, shape from silhouette, shape from stereo, shape from video, shape 
from shading, shape from texture, shape from photometry, shape from focus, shape 
from shadow, contact scanners. For monuments, there are empirical techniques, 
topographic techniques, laser scanning, photogrammetry (George Pavlidis et al, 2006). 
Digital reconstruction applications are very interesting as they reborn lost arti-
fact and even entire buildings. Ceramic pottery reconstruction was held from just three 
pieces of its whole geometry that were available. These pieces were scanned, and in-
formation extracted to form a profile. This profile was rotated round a theoretical axis 
to form a complete geometry (Călin Neamţu et al, 2012). Another reconstruction pro-
ject but of much bigger scale, is the virtual reconstruction of the entire city of ancient 
Rome from data derived from laser scanning. This can serve as a virtual environment 
of ancient Rome and give the chance to users to walk through it (Kimberly Dylla et al, 
2010). In Harvard’s Giza project an interactive 3D digitized model of the entire tomb of 
queen Hetepheres and its contents was built, aiming at academic teaching and scholar-
ly research. Digital reconstruction and fabrication attempt of the queen’s Hetepheres 
throne in this project, is another great example of digital reconstruction applications 
(Der Manuelian, 2017b). 
Álvaro Rodríguez Miranda et al in 2017 published an article about virtual recon-
struction. They dealt with fragments of ceramic pottery and remains of a kiln from the 
late seventies or early eighties that discovered in archeological fieldworks conducted 
between 2000 and 2001 at the old village Orduña, Spain. Since the urbanization of the 
village, the area is not accessible to archeologists for further excavations. They gener-
ated virtual models for documentation and produced datasets with information about 
each model aiming the creation and dissemination of new knowledge (Álvaro 
Rodríguez Miranda et al, 2017).  
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Another very interesting project of relevant to reverse engineering in archeolo-
gy is the analysis of the ancient acoustics and music. Dr. Rupert Till from university of 
Huddersﬁeld, has made a free app that enable users to explore the cave of Altamira in 
Spain, Stonehenge and Paphos theatre in Cyprus. These archeological sites were 
acoustically modeled allowing user to understand how sounds would have interacted 
in these sites (Till, 2017).  Carlo Fantozzi and his team simulated the tones of a flute 
that could not be played. They used its 3D model, x-rays of the interior of the flute and 
mathematical models based on available measurements (Avanzini, 2015). Jared Katz 
created a database of 3D scanned ancient Maya musical instruments. He also 3D print-
ed replicas (Katz, 2016). 
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3. MARKET RESEARCH 
For this chapter, an online research conducted to explore existing standing so-
lutions of similar ancient objects and generally, ancient artifacts.  Effectiveness of each 
case was evaluated based on specific criteria. 
3.1 Related products 
Amphoras, amphora-type vases and smaller archeological artifacts, have to be 
mounted on bases to be effectively displayed due to their shape. Otherwise, they 
should be laid down. Vases with straight bottom are normally stabilized with no use of 
a support structure. The most common standing solution for amphora-type vases is a 
structure comprised of a ring in which the object is adjusted and three or four leg-
supports. A variation of this kind of stands has an additional ring of smaller diameter 
for enhanced stabilization. Also, ring bases with no leg-supports were found in the 
online research, that have to be mounted on the wall. These stands are made of metal. 
A stand similar to the last mentioned, is a wooden shelf with several holes in which the 
amphoras are adjusted. Support structures of these types are shown in the next pic-
tures. 
 
Figure 3: single ring base (available at: https://itsallgreek.co.uk/replica-ancient-Greek-bronze-
amphora-BP-07) 
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Figure 4: double ring base (available at: http://www.ancienttouch.com/roman-pottery-closed-
shapes.htm) 
 
Figure 5: wall mounted ring base (available at: 
https://commons.wikimedia.org/wiki/File:Collezione_delle_anfore_romane_studiate_da_Hein
rich_Dressel,_06.JPG) 
 
Figure 6: wall mounted shelves with holes (available at: http://www.alamy.com/stock-
photo/amphora-bodrum.html) 
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Armature display mounts were also found in the research. They are mostly 
used for smaller size artifacts and comprised of a base and a bendable wireframe that 
holds the artifact, or the artifact lies on it. This type of support structures are shown 
below 
  
Figure 7: armature display stands (available at: a:http://ancientartifax.com/stands.htm 
,b:http://www.ancientresource.com/lots/roman/roman-terracotta-pottery.html) 
Finally, a basin full of sand was found on the research as standing solution for 
ancient exhibits and an example is shown in the next picture. 
 
Figure 8: basin full of sand (available at: http://www.soil-
net.com/album/culture_archaeology/slides/Amphorae%20Boscoreale%20Museum.html) 
3.2 Benchmarking 
Effectiveness of the structures found on the research is based on five criteria. 
These criteria are stability, aesthetics, portability, not customized and damaging effect 
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on the object. A scale from 0 to 5 was set to evaluate effectiveness of each standing 
solution for each criterion. 0 is the worst and 5 the highest grade. All criteria consid-
ered to be equally important and no weight factor was applied. 
A stand that offers good stability of the object, may have a negative effect on 
its aesthetics. Aesthetics is not about whether the stand is beautiful or not. On the 
contrary their design has to be minimal in order not to attract the observer’s attention 
and seemed as part of the displayed object. Also, the less visible they are, the better 
the aesthetics of the displayed object will be. 
Portability refers to the ease of relocating the object being displayed. If the 
stand can be moved with the object at the same time and not separately, the reloca-
tion considered to be easier and more effective. 
Not customized, is a criterion that describes the ability of a stand to be useful 
not just one object. 
Finally, while the object comes in contact with the base, the stand should pro-
vide protection from scratching the object. This criterion refers to how possible is the 
base to damage the object. The comparative grades for benchmarking are shown in 
the next table.  
Table 1: Benchmarking on related products 
criteria/base single-ring double-ring wall-mounted ring shelf armature sand
stability 3 4 3 3 4 4
aesthetics 3 3 3 2 4 1
portability 3 3 0 0 5 3
not customized 3 2 3 3 3 5
damaging effect 3 2 3 3 4 2  
The first four bases share the same principle of use. The vase has to be adjusted 
on a hole. They can be an effective solution, but it depends on the radius of the hole. 
The smaller the radius, the less effective the support. A significant advantage of this 
type of stand, is that they are not customized. Every object that has a circular section 
with bigger diameter than the stand’s, can effectively be supported. A major disad-
vantage is that they are too distinctive because of their size. Supports structures 
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should not be so visible and give the impression that they are part of the object being 
displayed.  
This would be solved using wall mounted stands as they have no legs. As it is 
shown in figure 5 above, the bases are less visible. This technique also requires less 
space as many layers can be created on the wall.  But other problems emerge from this 
standing solution. Places to be located are limited as the rings have to be mounted on 
a wall. Rings must be carefully mounted so as objects being displayed will not come in 
touch to each other. Also, portability is not possible. Relocation means that holes on 
the wall have to be restored. The same apply on the case of the shelves that are shown 
in figure 6. An additional disadvantage is that the shelf hides the object being dis-
played.  
Sand can be effective in terms of stability and suitable for all kind of shapes, as 
it takes the object’s shape. According to the dimensions of the basin containing the 
sand, many objects can be fitted in. Rearrangement of the objects in the basin can be 
done very easily. But in terms of aesthetics is the worst solution. The object is hidden 
as it can be sunk into the sand.  
Hidden parts from the stands is one common drawback. The biggest drawback 
though, is that the way they come in touch with the object can damage their surface. 
The basin full of sand can be considered as the less effective stand in terms of causing 
damage, as the overall surface coming in touch with the sand is bigger compared to 
the other stands.  
Armature display stands are the most effective as they have the highest overall 
score (table 1). They are mostly customized stands, but in some cases can be used for 
more than one object by reforming the wireframe. Wireframe structure can be formed 
suitably to be hidden behind the object. The edges of the wireframe are bent properly 
to hold the object and to be the least visible, providing very good aesthetics of the ob-
ject being exhibited. Also, little contact exists between the base and the object. 
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4. DESIGN BRIEF  
4.1 Mission statement 
Product description 
A customized creative support structure for an amphora-type vase  
Target market 
Museums 
Assumptions and constrains 
· Creative and customized design 
· Good aesthetics 
· Manufactured with fused deposition modeling 
4.2 Product specifications 
Product specifications derive from customer needs. Customer needs were se-
lected through the interaction and cooperation with the people working in the cultural 
heritage service department, where the ancient vase was stored. In the next table, 
specifications are assigned to customer needs.  
Table 2: product specifications 
needs deisgn idea number of supports material dimensions weight foam paper coating
stability * * *
does not cause damage * *
good aesthetics * *
easy to relocate * *
robustness * *
specifications
 
4.3 Design proposal 
As already has been mentioned, the inability of the vase under research to 
stand properly, is result of its missing geometry. In the cultural heritage service de-
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partment, the vase was stored in a basin full of sand. This standing solution was men-
tioned in chapter 3.1. In the next picture, the vase to be tested in this project is shown.  
 
Figure 9: object under research (archeological service department)  
A solution to this problem would be the restoration of the vase. But restoration 
is not the purpose of the project. Also, since the final design would be 3d printed, the 
solution should use the least possible material quantity. 
The purpose of the online research conducted in chapter three, was to examine 
the strong points of each standing solution and use them as inspiration for the creation 
of the support structure of the vase to be tested in this project. From table 1 it is 
shown that the armature structure gained the maximum overall score. So, the way 
such structures could be involved and provide a solution should be examined. Sketches 
of possible solutions using armature technique are shown below. 
 
Figure 10: first design proposal 
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Figure 11: second design proposal 
 
Figure 12: third design proposal 
These three design proposals were evaluated by defining the level which can 
satisfy customer needs that mentioned in chapter 4.2. A scale from 0 to 5 was used 
with 5 being the maximum level that a design proposal can satisfy a need. Evaluation 
table is shown below. 
Table 3: evaluation of design proposals 
needs proposal 1 proposal 2 proposal 3 
stability 2 3 4 
does not cause damage 4 4 4 
good aesthetics 3 4 3 
easy to relocate 3 3 4 
robustness 2 3 4 
 
The first design proposal is a structure that supports the vase on the front. This 
is a simple construction of a beam mounted on an orthogonal base. On the beam there 
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is a surface on which the vase stands. But this solution does not provide sufficient sta-
bility since the vase could swing left and right. Supporting it from the left and right side 
of the missing geometry would provide better stability. This would happen with the 
second design proposal. This structure also has a central vertical beam mounted on an 
orthogonal base. Another beam is mounted on the vertical one that has on the edges 
the surface on which the vase would stand. But still, this construction would not be 
sturdy enough. Since the final design would be 3D printed, made of plastic, the design 
solution must provide robustness. The third proposal is more robust construction to 
the load of the vase’s weight. It also employs two surfaces that supports the vase on its 
two sides. But, these surfaces are supported on two beams that their sections are al-
most perpendicular to the load of vases weight and are connected to each other for 
better stability. All three designs would be coated with soft material so as no damage 
occur on the vases surface. As for the aesthetics, the second proposal has the highest 
grade because it would be less visible. Third proposal has the highest grade for reloca-
tion because it provides easier change of location of the vase without separating it 
from the support structure.   
It is evident from table 3 that the third design proposal is preferable and pro-
ceeds for further improvements. This structure to be printed requires support materi-
al. Support material helps for the creation of the structure and then is supposed to be 
removed. Instead of being support material, extra material could be used in a more 
creative way. This generated the idea of creating the external surface missing geome-
try. Protrusions on its edges would be used to support the vase. This addition provides 
improved robustness and the aesthetics are enhanced since the structure is ‘hidden’ 
and does not give the sense of being a base but the completion of the geometry. Final 
design is described in detail in the next chapter.  
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5. METHODOLOGY 
In this chapter, all the steps followed for the creation of the support structure 
are described. 
5.1 Scanning 
The first and most important step of the whole procedure is scanning. Having 
applied reverse engineering made it possible to capture basic entities of the physical 
object. These entities provided necessary information without which the design of the 
base would be much more difficult or even worse could not be accomplished. 
The devise used for the scanning is the Artec Eva 3D scanner. The alternative of 
this scanner was Next Engine. Both devices are high-resolution non-contact scanners 
and were available at International Hellenic University’s Product Design Lab. Artec Eva 
was preferred over Next Engine because of its ease of use. Since it is a handheld device 
it is easier to capture all the object’ s entities and provides reduced overall time of the 
scanning process. The object to be scanned is stable and manually the operator moves 
the scanner to scan the desirable entities. Next Engine operates the opposite way. The 
scanner is stable and the object to be scanned rotates on a rotating platform where it 
has to be stabilized. Because of vase’ s geometry, more scans would be necessary to 
capture the internal’ s surface entities.   Also, due to its size and geometry, stabiliza-
tion on the platform was not possible. In the next pictures both scanning devices are 
shown. 
 
Figure 13: Next Engine 3D scanner (scan studio user’s manual) 
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Figure 14: Artec Eva 3D scanner (artec studio 11 user guide) 
Six different scans were taken in order to have the best possible result in cap-
turing all the entities of the vase. After the scanning, Artec Studio 11 software was 
used for the initial processing. Firstly, noise was deleted and then all the scans were 
aligned to create the whole geometry. In the next pictures we can see each scan from 
3 different point of views. 
     
Figure 15: first scan 
    
Figure 16: second scan 
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Figure 17: third scan 
      
Figure 18: fourth scan 
    
Figure 19: fifth scan 
     
Figure 20: sixth scan 
Next, the derived model was fused so the extra information was deleted and 
get the final scanned model. The texture of the vase was not applied on the model as it 
was unnecessary information for the purpose of this project. Just color similar to the 
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vase’ was applied in the initial processing but that was also not required. If our project 
was the digital documentation of the object for instance, this information should have 
been incorporated in the scanned model. The scanned model is presented in the next 
pictures.      
    
    
Figure 21: final scanned model 
5.2 Processing mesh model in Geomagic Design X 
In the next step, further processing of the model occurred using Geomagic De-
sign X software. Geomagic design is a software specialized in reverse engineering. It 
provides very useful tools that enabled the creation of entities from mesh. These enti-
ties were then used as references for the design of the support structure.  
5.2.1 Transform scan data 
When the mesh model is opened in Geomagic, is positioned randomly accord-
ing to the coordinate system. Different views of the mesh appeared as random regions 
and made no sense. By using transform scan data tool, mesh is positioned in a logical 
way that its top, right and front view are clearly defined. In the next pictures different 
views of the mesh are shown before and after transform process. 
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Figure 22: different views before scan data transformation 
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Figure 23: different views after scan data transformation 
5.2.2 Mesh processing 
After transform scan data, decimate mesh tool was used. This command reduc-
es the number of poly-faces by increasing their size while preserving the original 
shape. Reduction ratio was set to 50%. Mesh before and after decimate process is 
shown in the next pictures. 
 
Figure 24: Mesh before decimate process  
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Figure 25: Mesh after decimate process  
Then, optimize mesh tool was used. This command optimizes a mesh based on 
its feature shapes and improves the quality of the mesh. The average edge length was 
1.3779mm. Minimum edge length multiplier was set to 1 and maximum set to 2. Mesh 
before and after optimize mesh process is shown in the next pictures.   
 
Figure 26: Mesh before optimize mesh process  
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Figure 27: Mesh after optimize mesh process  
These procedures resulted in a reduced size of the stl file. Initial size was 22.8 
MB while the final stl file is just 3.64 MB. This was very important because the re-
sponse of the software gets much quicker. Further actions to enhance the mesh did 
not occurred. The purpose of this project did not require better quality of the mesh.     
5.2.3 Reference entities axtraction 
The missing geometry on the bottom of the vase is clearly shown in the next pictures. 
    
Figure 28: focus on missing geometry 
Following the geometry of the vase, a support structure was designed by com-
pleting the external surface of the missing part. The initial idea was to create a profile, 
rotate it around a symmetry axis, thus, creating the whole vase. Then, by subtracting 
the already existing part, the remaining would be the missing geometry. On the back 
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side there is a complete section of the vase that could be used as the rotating profile 
and is shown in the next picture. 
 
Figure 29: rotating profile 
This technique though, would not be effective as the vase does not have a 
symmetry axis. Its section on the top or any parallel to it view is not circular. Using Ge-
omagic Design mesh sketch tools, a section on a parallel plane to top plane was creat-
ed. Then, a circle was sketched on the edges of the section. It is obvious in the next 
picture that there are edges of the section that are not parts of this circle. So, another 
technique had to be followed. 
 
Figure 30: asymmetric section 
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Also, the goal was not the restoration of the vase. This is why the technique fol-
lowed created the external surface. The final design was 3D printed. So, the less possi-
ble material had to be used. 
Four different profiles were created by sketching on the edges of two sections 
perpendicular to each other. The edges of the section are shown below. 
   
Figure 31: sections to be used for the profiles creation 
As it is shown in figure 31 and mentioned earlier, there is a complete section of 
the vase. By sketching on its edges, the first profile is created. Information of this pro-
file was used to create the other three profiles. That means that the shape of the three 
remaining profiles had to be assumed in some way to be completed. Also, the con-
struction of the complete profile was not necessary since the research focused on the 
missing geometry under the middle plane of the vase. The first two profiles are shown 
below. 
. 
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Figure 32: first two profiles 
A section of the bottom was created and a circle was drawn assuming that 
complete section is perfectly round. Then, a construction line was drawn perpendicular 
to the circles plane to be used as a symmetry reference to mirror the entities on the 
red circle. When mirrored, these entities are shown in the orange circle and were con-
nected to the sketch drawn on the edges of the mesh section with splines to form the 
left profile. The symmetry reference is shown below. 
   
Figure 33: symmetry reference 
With the same technique the other two profiles were created. Sketch entities 
on the red and orange circles were copied and pasted in the perpendicular plane that 
contains the other mesh section edges on which the third and the fourth profiles will 
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be drawn and placed symmetrically to the symmetry reference.  Third and fourth pro-
files are shown below. 
 
Figure 34: third and fourth profile 
Having acquired refence entities from the mesh, four profiles were drawn. As 
already has been mentioned, these profiles had to be combined to create a lofted sur-
face. To do so, more reference data were required. Different sections of the mesh par-
allel to the top plane are applied to create guide lines. Some of them were not yet 
completed but further processing on the reference data have been occurred in Solid-
works. These guide lines are shown below. 
 
Figure 35: guidelines 
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Finally, two more reference entities were required. After creating the lofted 
surface, a cutting tool was necessary to remove already existing information.  By pro-
jecting the edges of the mesh from the two side views on the right plane the desirable 
entities were created and are shown below. 
 
Figure 36: entities to be used as cutting tool 
5.3 Further processing in Solidworks and creation of the support structure 
All the reference entities extracted from Geomagic were opened in Solidworks. 
Solidworks was used for further processing of these entities and the creation of the 
base because of its ease of use. All entities are shown below. 
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Figure 37: reference entities in Solidworks 
As already has been mentioned, the technique followed was to create the ex-
ternal surface missing geometry. So, the profiles extracted from Geomagic have been 
accordingly modified and their internal entities were deleted. The same happened for 
the information extracted for the guidelines. The internal entities were deleted. All of 
them were not used. Four of them were modified to a complete round shape by add-
ing splines and applying tangent constraints to the existing arcs and then used as 
guidelines for the lofted surface. in the next pictures the final guidelines, profiles and 
the lofted surface are shown. The grey entities are the finals.  
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Figure 38: guidelines 
 
Figure 39: final profiles and guidelines 
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Figure 40: lofted surface 
 
 
Figure 41: lofted surface after thickness applied 
A thickness of two millimeters was applied to form a solid body. The next step 
was to keep the part applying to the missing geometry and remove the rest. As it was 
mentioned above, entities from Geomagic have been already extracted for that reason 
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and were suitably edited to form a closed sketch to be used as cutting tool. Two 
sketches were created. Each one cut the solid body from the right plane to the side 
with different direction. These sketches and the resulting geometry after cut operation 
are shown below.  
   
Figure 42: first cutting tool sketch 
  
Figure 43: second cutting tool sketch 
 
  
Figure 44: resulting geometry after cut operation 
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Figure 45: resulting geometry after cut operation 
For the next step, protrusions had to be added in the upper side edges of the 
model. There were necessary for the accomplishment of the goal of this project as the 
vase would stand on these protrusions. The thickness of the walls of the vase is be-
tween 7-9mm and the width of the protrusions was set to 8,5mm.  
On these protrusions, foam sheet was added to prevent the base from scratch-
ing and cause any damage on the vase. Also, this material would increase friction and 
enhance the stability of the vase on the base. It is made of foamed PVC, which is light-
weight, resistant to chemicals and has low water absorption. Its thickness is 2mm. To 
attach this, relative space had to be created. So, it was necessary to return to the pre-
vious step and modify the sketches used as cutting tools. Modified sketches are shown 
below. 
  
Figure 46: modified sketches 
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The sketches have been modified by applying an offset of 3mm on their edges. 
Then, the protrusions were added to the model and are shown below. 
 
 
Figure 47: protrusions 
As it is shown in Figure 48, protrusion’s width of 8,5mm that mentioned earlier, 
does not apply all around the edge and it gets narrower as approaching the front edge. 
This is because the vase is mainly supported on the regions in the red frames shown in 
the next picture. 
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Figure 48: main regions where support occurs 
In this point, this structure could be adapted to the vase and supposed to be 
successful since it captures the missing geometry and supports it. But the structure 
had to be robust to withstand compressive and tensile loads. In the next step, ribs 
were designed in the internal area of the structure to improve its mechanical behavior. 
These ribs are shown in the next pictures. 
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Figure 49: internal ribs 
Two ribs were designed that join left and right side of the vase, in order to re-
sist deformations under the enforcement of loads on these sides. They also provide 
resistance to deformation in loads on the protrusions of the upper edges. The joints 
between ribs in the shape of ‘X’ also contribute to the sturdiness of the structure, as 
they resist to buckling deformation of the ribs. 
5.4 Simulation of static analysis 
Simulation of static analysis of the structure performed in Solidworks for three 
configurations of the base to compare the results and evaluate the utility of the ribs. 
First configuration refers to the base without any ribs, second configuration refers to 
the base with two ribs and third configuration refers to the base with additional ‘X’ 
shape rib. 
5.4.1 Material 
To perform static analysis, the material of the object had to be defined. As al-
ready has been mentioned, the final goal of the project was the creation of the sup-
port structure using Fused Deposition Modeling. A commonly used material for 3d 
printing applications which was available at International Hellenic University’s Product 
Design Lab is PLA (poly lactic acid). 
PLA is a biodegradable thermoplastic made from renewable sources as corn 
starch or sugarcane. This, gives a smooth and shiny appearance that is aesthetically 
  -45- 
pleasing.  It is also typically used in medical implants, food packaging and disposable 
tableware. PLA is easy to be printed as it has low glass transition and melting tempera-
tures This means less heat is required resulting in low energy consumption.  Also, it is 
quite robust to temperature changes so, no heating bed is required. 
Table 4: PLA properties 
Properties values 
yield strenght (MPa)  16.835 
young's modulus (MPa)  1606.43 
density (g/cm^3)  1.25 
glass transition temperature (C) 60 
Melting Onset (C) 160 
 
5.4.2 Tensile test 
In order to acquire reliable results from simulation, tensile test conducted using 
Testometric M500-50 AT mechanical tester, property of International Hellenic Univer-
sity’s Product Design Lab, to define yield strength and young’s modulus. The worst 
case of stress that support structure could be underwent are tensile loads perpendicu-
lar to the printed layers. A specimen was created using the same exactly material the 
base would be printed to perform the tensile strength. Specimen was printed so ten-
sile load was perpendicular to its layers. Specimen’s length is 100mm, width is 12.7mm 
and thickness is 3.5mm. Speed was set to 5mm/min and specimen was loaded till frac-
ture. Pictures of the test are shown below. 
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Figure 50: specimen mounted on the apparatus and loaded 
   
Figure 51: specimen mounted on the apparatus after fracture 
Results are shown in the next table. Also, below is the stress-strain graph. 
Table 5: tensile test results 
Yield  Stress 
(N/mm²)  
Elong. @ Peak 
(mm)  
Force @ Peak 
(N)  
Youngs Modulus 
(N/mm²)  
16.835 1.227 748.3 1606.428 
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Figure 52: stress – strain graph 
5.4.3 Simulation of static analysis and results 
Three static analyses were performed for each configuration of the support 
structure. Curvature-based mesh used for the simulations. Mesh information are 
shown in the next table. 
Table 6: Mesh information 
  configuration 1 configuration 2 configuration 3 
Mesh type Solid Mesh Solid Mesh Solid Mesh 
Mesher Used:  
Curvature-
based 
Curvature-
based 
Curvature-
based  
Jacobian points 4 Points 4 Points 4 Points 
Maximum element size 2 mm 2 mm 2 mm 
Minimum element size 0.4 mm 0.4 mm 0.4 mm
Mesh Quality High High High 
Total Nodes 104225 126583 131750 
Total Elements 57716 71229 73983 
Maximum Aspect Ratio 135.39 128.67 1509 
% of elements with Aspect Ratio < 3 98.7 98.5 98.3 
% of elements with Aspect Ratio > 10 0.0433 0.0337 0.162 
% of distorted elements(Jacobian) 0 0 0 
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5.4.3.1 First static analysis results 
Vase’s mass is almost 1.4kg. Based on this, on the first static analysis a total load of 15 
N was applied on the protrusions on which the vase mainly would stand and men-
tioned in chapter 2.3. Force direction is shown in the next picture. Also, fixtures are 
shown in green colour. Bottom of the vase was assumed to be fixed.  
 
Figure 53: applied force and fixtures 
Comparative results are shown in the next table. 
Table 7: 1st static analysis results 
No 'X' Rib  'X' Rib
3.27 1.67 1.67
1.57 0.69 0.69Max. displacement (mm)
Results No Ribs
Ribs
Max. stress (MPa)
 
In the next pictures, stress and displacement distribution is shown. In red col-
our higher values of stress and displacement are displayed. 
   
Figure 54: stress (left picture) and displacement (right) distribution for first configuration 
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Figure 55: stress (left) and displacement (right) distribution second configuration 
    
Figure 56: stress (left) and displacement (right) distribution third configuration 
5.4.3.2 Second static analysis results 
In second static analysis, compressive loads were applied on the sides of first 
configuration of support structure. Loads were increasing in a repetitive process in or-
der to determine the force which causes permanent deformation. Then, same loads 
were applied on second and third configurations to compare the results. The magni-
tude of the load after test operation was set to 4.5 N. A total load of 4.5 N was applied 
on each side. As fixture for this study, a strip on the middle of the front side of the 
support structure was assumed to be fixed. As the imposed forces on each side have 
opposite direction, there is a region on the front side that no displacements are oc-
curred. Loads’ direction and fixtures are shown in the next pictures. Also, results are 
shown in the next table. 
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Figure 57: applied force and fixtures 
Table 8: 2nd t static analysis results 
No 'X' Rib  'X' Rib
17.57 8.87 8.5
26.39 10.13 8.94
No Ribs
Ribs
Max. displacement (mm)
Max. stress (MPa)
Results
 
In the next pictures, stress and displacement distribution is shown. 
   
Figure 58: stress (left picture) and displacement (right) distribution for first configuration 
   
Figure 59: stress (left) and displacement (right) distribution second configuration 
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Figure 60: stress (left) and displacement (right) distribution third configuration 
Utility of ribs can be clearly seen. While on the first configuration permanent 
deformation occurred, by adding ribs the resultant stresses and displacements were 
decreased a lot. Also, third configuration’s performance was even better. As already 
has been mentioned in chapter 2.3, additional ‘X’ shape ribs provide better resistance 
to buckling of the other two ribs.  By probing on the red area shown in the left pictures 
of Figure 59 and Figure 60 the results extracted are shown in the next table. 
Table 9: 2nd analysis probing results 
without 'X' Rib with 'X' rib
Sum     (MPa) 2779.5 2449.1
Avg      (MPa) 1.7104 1.4933
Max     (MPa) 8.2405 6.2687
Min      (MPa) 0.10186 0.14697
RMS     (MPa) 2.5678 2.0727  
5.4.3.3 third static analysis results 
In third static analysis the same procedure followed. Τhe difference was that 
the imposed forces had opposite direction than the previous study. Fixture was the 
same. Load that caused permanent deformation on the first configuration was 5.5 N. 
Total tensile force of 5.5 N was applied on each side. Loads’ direction and fixtures are 
shown in the next pictures. Also, results are shown in the next table. 
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Figure 61: applied force and fixtures 
Table 10: 3rd static analysis results 
No 'X' Rib  'X' Rib
17.3 8.58 7.98
25.75 9.49 8.78
Max. stress (MPa)
Max. displacement (mm)
Results No Ribs
Ribs
 
In the next picture stress and displacement distribution is shown. 
  
Figure 62: stress (left picture) and displacement (right) distribution for first configuration 
  
Figure 63: stress (left) and displacement (right) distribution second configuration 
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Figure 64: stress (left) and displacement (right) distribution third configuration 
As in the previous static analysis, utility of ribs is indisputable. Resultant stress-
es on second and third configuration were much lower than the first. While on the first 
configuration permanent deformation occurred, by adding ribs the resultant stresses 
and displacements were decreased a lot. Also, third configuration’s performance was 
better. Again, by probing on the red area shown in the left pictures of Figure 63 and 
Figure 64 the results extracted are shown in the next table 
Table 11: 3rd analysis probing results 
without 'X' Rib with 'X' rib
Sum     (MPa) 2716 2616.7
Avg      (MPa) 1.6714 1.5955
Max     (MPa) 7.9018 6.5696
Min      (MPa) 0.12022 0.17128
RMS     (MPa) 2.4132 2.1405  
5.5 Creation of final design using Fused Deposition Modeling 
The final step of the whole procedure was the creation of the support structure 
designed. BCN3d Sigma printer was used. The overall time of printing was high due to 
the geometry and size of the object. This also depends on the chosen quality. For the 
application of this project high quality was required to eliminate dimensioning devia-
tions from initial design. This was important as the base had to be fitted properly on 
the ancient vase. Layer height defines the quality and precision of printing and was set 
to 0.15mm. Best quality option was 0.05mm but was not preferable since raised the 
printing time to three times higher and the quality difference would not be significant. 
Layer thickness of 0.15mm required 7 hours and 27 minutes while high quality of 0.05 
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layer thickness required 22 hours and 7minutes. Unfortunately, it was not possible for 
someone to be present in the lab while printing procedure. Operation of the printer 
without the presence of a user or pausing operation and continue another time con-
sidered risky, so the model was separated in two pieces to be printed.  
A section parallel to the top plane was made. The height of the section from 
the bottom is set properly to divide the base in just two pieces and the front part of 
the upper piece in the red frame shown in the next pictures not be very thin. Orienta-
tion in the platform was set in a way to minimize use of supports. Because of object’s 
geometry, supports were required for the creation of some layers. Supports are also 
made of PLA and they were manually removed after procedure finished. Two pieces 
after printing were glued together using Loctite 401 glue. Bottom piece needed 2 
hours and 34 minutes while the other piece needed 4 hours and 50 minutes. In the 
next pictures, preview of printing results are shown. Software used for printing is Cura 
BCN3D. 
 
Figure 65: bottom piece print preview 
 
Figure 66: upper piece print preview 
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Figure 67: supports in 3D printing operation 
In Figure 73 supports needed are shown in blue color. To glue the parts togeth-
er Loctite 401 glue was used.  This glue is used for the assembly of difficult to bond 
materials that require uniform stress distribution. It provides rapid bonding of metals, 
plastics and elastomers. It is also suitable to bond porous materials such as wood, pa-
per, leather, fabrics. The foam paper mentioned in chapter 5.3 was also glued using 
Loctite 401. Glues’ characteristics are shown in the next table  
Table 12: Loctite 401 characteristics 
Technology Cyanoacrylate
Chemical type Ethyl cyanoacrylate
Appearance Transparent
Components One part-no mixing required
Viscocity Low
Application Bonding
Key substrates Metals, Plastics and Elastomers  
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5.6 Presentation of support structure 
 
1. External surface 
2. Protrusion where support occurs 
3. Internal ribs 
4. X-shape rib 
Figure 68: drawings of the final design 
 
 
Figure 69: 3d printed support structure 
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Figure 70: support structure implementation 
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Figure 71: focus on foam paper coating 
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6. CONCLUSIONS 
To sum up, in this project a customized support structure for an ancient amphora-type 
vase was created. As a result of the missing geometry, the vase was unable to stand 
properly. The base designed, except for being effective, had to be creative and not just 
an ordinary base like those found on the market research. Existing supports solutions 
were researched and evaluated to be used as inspirational factor. The proposed solu-
tion was to create the external surface of the missing geometry, behind which, the 
support structure is hidden. Reconstruction would also be a solution, but that was not 
the aim of the project and it would result in bigger amount of printing material.  
For this customization, the vase was scanned to acquire the digitized model and ex-
tract reference entities which were necessary information to proceed to the designing. 
Static analysis simulation proved that the construction was very robust to loads. Me-
chanical properties acquired after tensile test for more realistic results. The cad model 
was printed using fused deposition modeling for the physical implementation on the 
ancient vase. 
This project was challenging since the vase was not symmetrical. Its sections were not 
circular, but the result was the desirable since the implementation of the base on the 
vase was successful. This was the result of the proper selection of refence entities from 
the scanned model of the vase, and their proper utilization. It is evident from the pic-
tures in Figure 70 that the vase is efficiently stabilized on the foam paper coating with-
out leaning in any direction. The surface created seemed to be tangent to the vase’s 
surface and be fitted very good in the gap. Also, the base’s edges are following the 
edges of the missing parts of the vase.  
Finally, the aim of the project, which was to contribute to cultural heritage preserva-
tion, was successful since the ancient vase is not kept in the sand which harms its sur-
face. Its new creative support structure made it suitable for display. The design of the 
base, though, could be underwent some improvements to minimize the gaps between 
it and the vase. Further modifications could be also done to provide better stability if 
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needed. But this must be carefully researched because trade-offs between aesthetics 
and stability efficiency have to be taken into account. 
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